The decreased LICI is assumed to reflect mechanisms underlying the co-activation of antagonists.
Introduction
The main result of muscle activity is the generation of torque and a movement of some joint segments or the whole body in the surrounding space. Another important function of muscle activity is to keep body position by adaptation of mechanical impedance of joints to external perturbations by co-activation of antagonist muscles [5, 19] . The co-activation increases joint stiffness and provides mechanical stability in holding posture [11] and during limb movement [1, 19] . The co-activation of antagonist muscles occurs in anticipation of predictable movements and in motor learning [17, 18] . Also, increased co-activation of antagonist muscles is counted among the requirements for higher accuracy of multi-joint movements [4] . The co-activation can vary over a wide range of values while maintaining zero net torque at a joint [12, 21, 22] . Several studies provide evidences that maximal muscle activity during co-activation with zero net torque at the ankle is lower than the maximal muscle activity during reciprocal activation of muscles [13] . The physiological mechanism responsible for a limited muscle activity during co-activation may involve a postsynaptic inhibition at spinal level or may originate from central voluntary commands. The "common drive" of some motor units of agonist and antagonist muscles during voluntary co-activation is consistent with the idea of centrally originated co-activity [3, 6, 15] .
In our previous study using transcranial magnetic stimulation (TMS) we have failed to find the effect of co-activation on motor cortex excitability as well as on short-latency intracortical inhibition (SICI) and intracortical facilitation (ICF) concerning contralateral responses [2] . In that study we have used circular stimulation coil and very low level of muscle activityin range from 5% to 10% of maximal voluntary activity. The aims of the present study were: (i) to repeat the investigation, now using focal stimulating coil and higher level of co-activity and to find out if there is any possible effect of co-activation on SICI and ICF, and (ii) to extend the investigation concerning long-latency intracortical inhibition (LICI).
Materials and methods
Seven healthy right-handed volunteers (Edinburgh Handedness Inventory [16] ), aged 24-67, gave their informed consent and participated in the study approved by the local ethics committee. The subjects were seated with right arm gently fixed in slight abduction from the trunk (20°) and flexion in the elbow (110°). The right hand and forearm were pronated and fixed on horizontal supports. The index finger was placed on manipulandum, and was securely clamped by two pads; the axis of the manipulandum was positioned to align the axis of rotation of index finger. The torques in abduction -adduction as well as in direction of index finger flexion during isometric contractions were measured using appropriately placed transducers.
Motor evoked potentials (MEPs) were recorded from the first dorsal interosseous muscle (FDI) using two conventional surface Ag/AgCl disc electrodes (8 mm diameter) and differential techniques. One electrode was fixed on the muscle belly and the second on distal tendon at the index finger base. Electromyographic signals (EMG) were amplified (band pass 10 Hz -1 kHz) and digitized (sampling rate 2 kHz). Epochs of 1 s duration (starting 0.5 s prior to the test stimulus) were stored on a disk. The EMG activity as well as the force signals were continuously monitored to control the level of tonic activity.
Two MagStim 200 stimulators connected to the eight-shaped stimulating coil (mean diameter 7 cm) through a BiStim module were used [20] . The BiStim module was used to combine the single pulses from the two stimulators to a paired-pulse configuration delivered through the coil, with a possibility to control the interstimulus interval (ISI) between both pulses in steps of 1 ms. All of the used TMS intensities are percentage of maximum stimulator output. The coil was adjusted over the left hemisphere to evoke optimal responses from the right FDI. Motor threshold (MT) was determined at relax condition as the lowest stimulus intensity which elicited three MEPs of at least 0.05 mV peak to peak amplitude in five consecutive TMS with interval between trials 5-10 s. When a focal TMS is used (eight-shaped stimulating coil) the test stimulus intensity usually is 130% of MT which is somewhat higher compared to non-focal stimulation (circular coil) where the stimulation area is larger [14] .
Five single pulse stimuli with an intensity of 130% of the MT were applied to obtain control MEPs in the relaxed muscle. Then, ten paired-pulse stimuli (five with ISI of 3 ms and five with ISI of 13 ms) were applied with 5-10 s interval between trials. The different ISIs were applied in random order. The intensity of the conditioning and test stimuli were 80% and 130% of the MT, respectively. The same stimulation procedure was repeated during tonic isometric index finger abduction and co-activation of antagonist muscles without external force production (controlled by visual force feedback). During antagonistic co-activation the mean value of rectified EMG was the same as the corresponding value during isometric abduction (20% of maximal voluntary contraction). In the second part of the experiment, after five single pulse stimuli with an intensity of 130% of the MT, five paired-pulse stimuli with ISI of 100 ms were applied. The intensity of both conditioning and test stimuli were 130% of the MT.
Data analysis was performed off-line; only trials showing similar levels of tonic EMG (mean rectified EMG) activity during the 400 ms prestimulus period in both co-activation and isometric abduction were considered. The measured parameter was peak to peak amplitude of MEPs. For single-pulse stimulation data were normalized to the individual mean values recorded at relax and then pooled for all subjects. For paired-pulse TMS with short ISIs (3 and 13 ms) the conditioned MEP amplitudes were normalized to the corresponding unconditioned responses (single-pulse TMS). For paired-pulse TMS with long ISI (100 ms) the MEP amplitudes of the test stimulus (responses to the second pulse) were normalized to the corresponding MEP amplitudes in response to the first pulse. Values are given by means ± standard error. The differences between control and test values were assessed using a Wilcoxon matched-pair signed-rank test. Probability values (p) less than 0.05 were considered significant and indicated by asterisks in the diagrams. The effect of tonic muscle activity (relax, co-activity and abduction) was assessed by ANOVA and in case of significance its locus was identified by Wilcoxon matched-pair signed-rank test.
Results
At rest (i.e. relaxed muscle), the MT of the left hemisphere ranged from 45% to 58% of the maximum output of the stimulator for the different subjects (mean + SD: 52.2 + 3.8%). At relax conditions and single-pulse TMS the mean MEP amplitude for the investigated subjects was 2.53 + 1.27 mV (n = 7). During tonic muscle activity the amplitudes of MEPs were significantly increased (Fig. 1) . The effect of unilateral muscle activity (relax, co-activity, abduction) on MEP amplitude was significant (ANOVA, p < 0.01).
The augmentation of MEPs during abduction of the index finger was significantly stronger compared to co-activation of the antagonist muscles (p < 0.001).
Paired-pulse TMS during relax conditions well revealed both the SICI and ICF. The amplitude of responses was significantly decreased (p < 0.01) at ISI of 3 ms and significantly increased (p < 0.05) at ISI of 13 ms (Fig. 2, open columns) . There was no effect of tonic muscle activation (co-contraction or abduction) on SICI (Fig. 2, middle columns) . In contrast, ICF was not pronounced during tonic muscle activity (Fig. 2, right columns) . Paired-pulse TMS with ISI of 100 ms well revealed LICI at relax conditions as well as during tonic muscle activity (Fig. 3) . The suppression of MEP amplitude was significant during relax conditions (p < 0.01) as well as during abduction of the index finger and muscle co-activation (p < 0.001 and p < 0.05, respectively). During co-activation of antagonist muscles the LICI was significantly less pronounced compared to index finger abduction (p < 0.01). 
Discussion
The paired-pulse TMS is a powerful method to study intracortical neural mechanisms during different motor tasks. It is important to mention, that in the literature all investigations concerning the effect of muscle activity on motor cortex excitability and corresponding intracortical mechanisms have been conducted at reciprocal muscle activation. Up to our knowledge, only our group has studied the different effect of co-activation of antagonist muscles in comparison to reciprocal muscle activation.
The augmentation of MEPs during abduction of the index finger was significantly stronger compared to co-activation of the antagonist muscles. This finding is in line with our previous study [9] and supports the idea for central control of muscle activity during co-activation.
The results of the present study concerning SICI are similar to our previous findings [2] there is no effect of co-activation on intracortical inhibition. In contrast to SICI we found that the LICI is significantly suppressed during co-activation of antagonist muscles. Cortical inhibition of pyramidal neurons is mediated by gama-amino butyric acid (GABA) receptors [8] . Brain studies in animals and humans have revealed two main phases of inhibition following stimulation: a "fast" phase mediated by ionotropic GABAA receptors and a "slow" phase mediated by metabotropic GABAB receptors [10] . Thus SICI and LICI are thought to reflect GABAA-and GABAB-mediated cortical inhibition. The main finding of the present study is that during co-activation of antagonists, GABAB-mediated cortical inhibition is significantly reduced.
Concerning ICF in the present study we found a complete suppression of intracortical facilitation during muscle activity -co-activity or abduction. The level of suppression of ICF is similar to our previous findings [2] , although that ICF was completely suppressed only at co-activation of antagonists. We have studied the simultaneous action of ICI and ICF at different intensity of the conditioning pulse [7] . We have shown that ICI threshold is lower compared to ICF threshold and that at 13 ms ISI the MEP in response to the test pulse may reflect the impact effect of both intracortical mechanisms -ICI and ICF. The interaction between both mechanisms is somewhat different for the different subjects. This fact may explain the small differences between our previous and present results concerning ICF.
Conclusion
The main finding of our study is that during co-activation of antagonist muscles, the LICI as well as the motor cortex excitability are significantly reduced compared to those obtained in conditions of isometric index finger abduction.
